Asymmetric distribution of fate determinants within cells is an essential biological strategy to prepare them for asymmetric division. In this work we measure the intracellular distribution of 12 maternal microRNAs (miRNA) along the animal-vegetal axis of the Xenopus laevis oocyte using qPCR tomography. We find the miRNAs have distinct intracellular profiles that resemble two out of the three profiles we previously observed for mRNAs. Our results suggest that miRNAs in addition to proteins and mRNAs may have asymmetric distribution within the oocyte and may contribute to asymmetric cell division as cell fate determinants.
1
]. It has been shown that cell fate determinants are asymmetrically distributed already in the oocyte of several species, including the fruit fly (Drosphila melanogaster) 2 , the zebrafish (Danio rerio) 3, 4 and the African clawed frog (Xenopus laevis) 5, 6 . This asymmetry leads to the formation of unequal blastomeres within the first few cell divisions 7 . The Xenopus oocyte is an excellent model system to study early development. Its two distinguishable halves, referred to as the animal and vegetal hemispheres, are characterized by different pigmentation, which makes it easy to align the oocytes and study intracellular distributions of mRNAs. Most maternal mRNAs synthesized during oogenesis are evenly distributed along the animal-vegetal axis of Xenopus oocyte, though a small subset has been reported differentially distributed at either the animal or vegetal pole 8, 9 . A more recent whole transcriptome analysis using microarrays suggest some 300 transcripts are localized in the vegetal cortex of the Xenopus oocytes 10 , which represents 2-3% of the maternally expressed genes. Two different pathways for the localization of the vegetal RNAs have been identified 11 . The early initiated pathway called METRO (messenger transport organizer) uses specific binding elements of mRNAs to attach them to a mitochondrial cloud that is formed during early oogenesis. Cis-acting elements, such as clusters of short nucleotide repeats, thought to mediate binding to a conserved complex of RNA-binding proteins, have been identified as well as trans-acting protein coding elements 12 . METRO is required for the localization of cdx1 and dazl mRNAs that are incorporated into germinal granules needed for germ cell formation 13 . The late pathway is activated during mid and late oogenesis and depends on the cytoskeleton and microtubule motors 14 . It localizes particular mRNAs, such as gdf1 and vegt, with sequence elements UUUCU and UUCAC [15] [16] [17] [18] in their 3' untranslated regions (3´UTRs) that code for transcription factors controlling germ layer formation 19 . Notably, localized maternal mRNAs, such as vegt, fatvg, xlsirts, and gdf1 in Xenopus and oscar in Drosophila, are important for the organization of cytokeratin and actin networks through a mechanism that does not require their translation [20] [21] [22] [23] . Vegt mRNA, for example, is integrated into the cytoskeleton and its removal causes collapse of the cytokeratin network, while removal of fatvg mRNA induces hyperpolymerization of cytokeratin and actin filaments 20, 24 . Some mRNAs have been reported more abundant in the animal hemisphere 25 . However, no particular mechanism has been described that would give rise to a localization of some mRNAs towards the animal pole and no particular functions have been ascribed to animally localized mRNA 1, 8 . In fact, as we shall argue, weak polarization towards the animal side may develop spontaneously in the absence of active mechanisms and may in fact be the normal distribution. Another mechanism inducing intracellular rearrangement in the Xenopus oocyte is the cortical rotation. It follows fertilization by accumulation of dorsalizing biomolecules in the future dorsal side of the embryo and creates the dorsal-ventral developmental axis.
Using real-time quantitative PCR (qPCR) tomography and single cell expression profiling we measured intracellular mRNA profiles within the Xenopus oocyte and their distribution among blastomeres during the early developmental stages up to 32 cells. We discovered three distinct animal-vegetal mRNA profiles 26 , but found no evidence for mRNA asymmetry along the dorso-ventral or left-right axes 27 . We concluded that while the animal-vegetal asymmetry in Xenopus is induced by mRNA molecules the dorso-ventral asymmetry and possibly also the left-right asymmetry should be induced by uneven distribution of other biomolecules. Indeed, in several species asymmetric localization of β -catenin protein has been found critical for the formation of the dorso-ventral developmental axis 28 . In this work we investigate if miRNAs show intracellular asymmetry, which would make them candidate cell fate determinants. miRNAs are 22-24 bases short single-stranded oligoribonucleotides that primarily regulate mRNA translation by binding to target mRNAs. Targeted locus of mRNAs for miRNA binding is usually at their 3' UTR. It is well established that the 3'UTR of eukaryotic mRNAs is important for many of the mRNA functions. The 3'UTR site contains sequences that regulate the stability of the transcript, directs its localization, and may also contain other regulatory cis-acting elements. Recent studies have demonstrated that 3'UTRs can be functional independently of translation 29 . In this study we measure the intracellular profiles in mature Xenopus oocytes of the 12 selected miRNAs: miR-16c, miR-18b, miR-363-3p, miR-20b, miR-93a, miR-5102-5p, miR-19b, miR-221, miR-148b, miR-25, miR-22, miR-100, which have been ascribed maternal origin 30, 31 , using qPCR tomography 26, 32 .
Results
We performed expression analysis of selected miRNAs and maternal mRNAs in Xenopus laevis oocytes using qPCR tomography 32 . The oocytes (in total six oocytes from two females) were cryo-sectioned along the animal-vegetal axis and extracted RNA was analyzed by RT-qPCR 26, 32 . The intracellular distributions of the 12 maternal miRNAs: miR-16c, miR-18b, miR-363-3p, miR-20b, miR-93a, miR-5102-5p, miR-19b, miR-221, miR-148b, miR-25, miR-22 and miR-100 were measured along the animal-vegetal axis in five consecutive segments of the Xenopus laevis oocyte. In addition we measured the distributions of three mRNAs with known localizations: maml1 (animal localization), gdf1 (vegetal localization), and cdx1 (extreme vegetal localization); reflecting the three mRNA animal-vegetal profiles found previously 26, 27 . An RNA spike was used to optimize the extraction protocol. Measuring the RT-qPCR efficiency of the spike we found a maximum of 1.25 ng of total RNA could be used without compromising the reactions (Supplement Fig. 1 ).
Our analysis revealed that the miRNAs we studied arrange in two distinct intracellular profiles that appear similar to two out of the three profiles we previously observed for mRNAs 26 . Specifically, miR16c, miR-18b, miR-363-3p, miR-20b, miR-93a, miR-5102-5p and maml1 mRNA are predominant in the center of the oocyte with slight asymmetry towards the animal hemisphere (Fig. 1a, Fig. 2a) , while miR19b, miR-221, miR-148b, miR-25, miR-22, miR-100 and gdf1 mRNA are more abundant in the vegetal hemisphere (Fig. 1b, Fig. 2b ). None of the studied miRNAs showed the extreme vegetal localization represented by the cdx1 mRNA (Fig. 2b) . Separation of the studied miRNAs into two groups with distinct animal-vegetal profiles was supported by the multivariate statistical analyses hierarchical clustering (presented as a dendrogram in Fig. 3a ) and the Kohonen self-organizing map (SOM; Fig. 3b ). Both classification methods clearly divide the miRNA and mRNA intracellular profiles into two clusters with preferential animal and vegetal distributions, respectively, and are henceforth referred to as the animal and vegetal groups.
We found no pattern within neither the animal nor the vegetal group that could be identified as a miRNA consensus sequence and ascribed to the asymmetric distribution of the miRNAs (Fig. 4) . Using MicroCosm Targets Version 5 database (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/ v5/) we predicted target mRNAs for the studied miRNAs (Fig. 4 ) and were particularly interested in target mRNAs that form intracellular profiles along the animal-vegetal axis of the Xenopus oocyte 26, 27, 32 . The animal foxh1, lrp6, eef1a1, bmp2, pax6, apc, mos and tcf3 mRNAs showed potential to hybridize with some of the studied miRNAs, but from both groups: animal miR-16c, miR-20b and miR-363-3p and vegetal miR-19b and miR-221. The only vegetal mRNA that was predicted to interact with asymmetrically localized miRNAs was ddx25. It showed complementarity to the animal miR-20b as well as to the vegetal miR-100.
Discussion
Our results demonstrate that miRNAs, in addition to proteins and mRNAs, have asymmetric distribution in the Xenopus oocyte and may contribute to asymmetric cell division as cell fate determinants. Formation of intracellular profiles requires the cell offers an asymmetric environment. Indeed, the Xenopus laevis oocyte is asymmetric, with the animal and vegetal hemispheres having quite different compositions and the nucleus being located off center towards the animal pole 33, 34 . There are also asymmetric perturbations, such as the sperm entry, that induce asymmetric distribution of cell fate determinants that leads to the dorsal-ventral asymmetry 19 . However, sperm entry does neither induce the mRNA asymmetry we reported earlier nor the miRNA asymmetry we observe here, as these profiles are present in the unfertilized oocyte.
miRNAs are transcribed in the cell nucleus and should stay close to it unless transported away. Since the nucleus in Xenopus oocytes is located closer to the animal hemisphere it is conceivable that passive diffusion of miRNAs secreted from the nucleus spontaneously produces the distribution with slight Figure 2 . Intracellular profiles of the miRNAs and the selected reference mRNAs measured using qPCR tomography (maml1-dark blue, gdf1 -dark red, cdx1 -yellow). Y-axis indicates relative quantity and x-axis indicates the section from the animal pole (section A) to vegetal pole (section E). a. Spatial profiles of miR-16c, miR-18b, miR-20b, miR-93a, miR-363-3p and miR-5102-5p (indicated in blue scale), which are predominant in the animal hemisphere like the mRNA maml1 (dark blue). b. Intracellular profiles of miR19b, miR-22, miR-25, miR-100, miR-148b, and miR-221 (indicated in red scale), which are predominant in the vegetal hemisphere like the mRNA gdf1 (dark red). Also shown is the mRNA cdx1 (yellow), which has an extreme vegetal profile. animal enrichment that we observe for half of the studied miRNAs (miR-16c, miR-18b, miR-20b, miR93a, miR-363-3p and miR-5102-5p). These miRNAs could then reflect the normal population of miRNAs is not a word suitable to break apart. If really needed use: mi-RNAs. The distribution towards the vegetal hemisphere of the other miRNAs, however, must be driven by an active process. miRNAs bind their target mRNAs through hybridization requiring sequence complementarity. Although not all miRNA bases are required for sequence specific hybridization, there is hardly enough sequence flexibility to encompass a consensus binding sequence that could interact with one cellular component. We have extensively studied the sequences of the vegetally distributed miRNAs looking for patterns, but have not found motifs that could be identified as a consensus. Even though the gradient profiles along the animal-vegetal axis of miRNAs are similar to the profiles of mRNAs, we currently have no evidence that miRNA localization is induced by the binding of the miRNAs via a consensus sequence to a single localized molecular target. This raises the question how the miRNAs become asymmetrically distributed within the oocyte. Since interaction with an asymmetric environment is required, at least for the miRNAs with vegetal distribution, we find the idea that the vegetal miRNAs interact with vegetal mRNAs attractive. Despite extensive modelling with the MicroCosm Targets Version 5 database we have not been able to substantiate this hypothesis. This could be limitations in the in silico approach, which identifies sequences relevant for the transcriptional silencing mechanism mediated by miRNAs, which primarily is based on hybridization of complementary, consecutive bases, and does not consider more complex modes of interaction. During our comparative analysis of miRNAs and search for consensus sequences, we also compared the seed sequences of the studied miRNAs. The seed sequence is a region from the 2 nd to the 8 th nucleotide at the 5´ end of the miRNA 35 . This sequence plays a critical role in the regulatory function of the miRNA through hybridization to the complementary 3´ UTR site of the target mRNA. The MicroCosm Targets Version 5 database predicts miRNA-mRNA interactions primarily based on sequence complementarity with highly rewarded seed sequence complementarity. We found that the three animally distributed miRNAs, miR-18b, miR-20b and miR-93a, have similar seed sequences: "AA A \ G GUGC". The database predicts that miR-20b (AAAGUGC) regulates ddx25 and lrp6 mRNAs, but does not identify those as targets for miR-18b, which has only one mismatch in the seed sequence (AAGGUGC). A single base mismatch in the seed sequence can perhaps be discriminative. However, the targets were not identified for miR-93a, which has identical seed sequence to miR-20b (AAAGUGC). Hence, the in silico analysis considers features beyond simple sequence complementarity, which are relevant for miRNA-mRNA interaction in relation to gene regulation, but may not apply to interactions leading to asymmetric intracellular distribution. It is conceivable these interactions are different, perhaps even involving non-consecutive sequences and exposed bases, and are therefore not recognized by the MicroCosm Targets Version 5 database. The numbers of known vegetally distributed mRNAs and in particular miRNAs are currently too few to develop models based on interactions that go beyond contiguous hybridization. As these numbers grow more advanced modelling will be possible. An interesting suggestion by an anonymous reviewer is that the miRNAs become actively distributed as pre-miRNAs, before being processed by Dicer, through sequences either in the loop or in the passenger strand. This is an attractive hypothesis and will be possible to test when sequence information about pre-miRNAs in Xenopus laevis becomes available. As for now the mechanism behind the vegetal distribution of miRNAs along the animal-vegetal axis within Xenopus laevis oocytes remains elusive.
In our studies of intracellular distribution of miRNAs and mRNAs we find molecules that co-localize with the nuclei and are more abundant in the animal hemisphere and we find molecules that show vegetal distribution. For miRNAs there is one vegetal profile, while for mRNAs there are two distinct vegetal profiles; one of which has extreme vegetal localization. In the literature many mRNAs with vegetal, extreme vegetal and animal distributions have been reported and in addition to those majority of mRNAs Is assumed to have normal distribution, which presumably should symmetric 8 . However, in our studies we have never found RNA molecules with even distribution across the oocyte. Of course, having only analyzed a rather small number of mRNAs and miRNAs those with even distribution may have escaped notice. Another possibility is there are no RNAs with even distribution across the oocyte; rather the distribution obtained in the absence of active mechanisms could have slight animal asymmetry due to the animal offset of the nuclei, where the RNAs are produced. We find this possibility attractive considering that no active mechanism behind animal distribution has ever been found and there is no evidence in the literature that the animal distribution should be different from normal. Hence, we propose mRNAs in the Xenopus laevis oocyte can have one out of three intracellular profiles: the spontaneous "normal" profile with slight localization towards the animal pole, vegetal localization, and extreme vegetal localization. For miRNAs we observe only the normal spontaneously formed animal profile and the vegetal localization.
In conclusion, we have discovered that certain miRNAs, including miR-16c, miR-18b, miR-363-3p, miR-20b, miR-93a and miR-5102-5p, are predominant in the animal hemisphere where the nuclei is located and possibly obtain this localization passively, while other miRNAs, including miR-19b, miR-221, miR-148b, miR-25, miR-22 and miR-100, are predominant in the vegetal hemisphere of the Xenopus oocyte. The latter miRNAs show similar internal profile as mRNAs oriented by the late pathway and should require active transport. None of the analyzed miRNAs displays the extreme vegetal distribution associated with the METRO oriented mRNAs. We speculate that the 3'UTR of some late pathway oriented mRNAs may contain sequences that bind the vegetally localized miRNAs or pre-miRNAs leading to co-localization. The vegetal distribution of some miRNAs suggests they contribute to asymmetric cell division and play a role in early embryogenesis. In vitro fertilization, oocytes fixation and sectioning, RNA extraction. Two Xenopus laevis females were injected with 450 U of hCG (human chorionic gonadothropin) hormone and ovulated oocytes were obtained 12 hours after stimulation by gentle manual squeezing. Three oocytes from each female were collected and immediately embedded in a drop of OCT (optimal cutting temperature) medium on a pre-cooled dissection block. The block was placed for 10 minutes in the cryostat chamber (− 19 °C) to temperature equilibrate the samples. The temperature of the section knife was − 18 °C. The oocytes were cut into 45 slices, each being 30 μ m thick, across the animal-vegetal axis. Consecutive slices were pooled into five tubes with nine slices in each. The first tube (denoted "A" in the figures) contained slices from the endmost animal part of the oocyte, while the last tube (denoted "E") contains the endmost vegetal part. 300 μ l of TRIzol reagent (Invitrogen) was added to each tube to extract total RNA. Samples were carefully homogenized by vortexing for 2 min and incubated for 5 min at room temperature to dissolve completely. Manufacturer's instructions were followed during isolation, with the addition of 7 μ g of glycogen (Sigma-Aldrich) to the isopropanol to enhance the RNA precipitation yield. Precipitated RNA was redissolved in 15 μ l of RNase/DNase-free water and its concentration was measured using the Nanodrop ND1000 system.
Methods

Control of inhibition.
Yolk stored in the vegetal part of the oocyte is severe inhibitor of reverse transcription (RT) and quantitative PCR (qPCR). All samples were tested for inhibition using an RNA spike (TATAA Biocenter). SuperScript TM III Reverse transcriptase kit (Invitrogen) was used for cDNA synthesis. Four different input amounts of total RNA (10 ng, 5 ng, 2.5 ng and 1.25 ng) were evaluated using RT-qPCR (Supplement Fig. 1 ). Severe inhibition was observed when analyzing the spike in the vegetal samples prepared from 10, 5 and 2.5 ng of total RNA. Using 1.25 ng of total RNA for cDNA synthesis the recovery yields of the RNA spike approached 100%. This was the same protocol as used in Flachsova et al. (2013) 27 . The cDNA samples were diluted 8 times to a final volume of 80 μ l and stored at − 20 °C. Three mRNAs (maml1, cdx1 and gdf1), each representing one out of the three mRNA intracellular profiles observed previously 26, 27 , were included for comparison. qPCR and melting curves were measured on a real-time CFX96 cycler system (BioRad). qPCR mix contained 2 μ l of cDNA, 0.5 μ l of forward and reverse primers (mixture 1:1, 10 μ M each), 5 μ l of iQ TM SYBR® Green Supermix (Bio-Rad), and deionized water in a total volume of 10 μ l. The temperature profile was: activation of polymerase at 95 °C for 3 min., followed by 40 cycles of denaturation at 95 °C for 15 sec., annealing at 60 °C for 20 sec., and elongation at 72 °C for 30 sec. The formation of expected PCR products was confirmed by measuring melting curves between 65 °C and 95 °C in 0.5 °C intervals.
Quantification of miRNA by qPCR. miRNA expression profiling was performed using miQPCR 36 , which is a method for global RT-qPCR profiling of miRNAs 37, 38 . Briefly, the 3'-ends of single-stranded RNAs are extended uniformly with a specific adaptor named miLINKER. This adapter is then used as an anchor to prime cDNA synthesis during reverse transcription and for detection of the selected amplicon during the qPCR. For each sample 1.25 ng of total RNA was treated with the miLINKER (5 μ M for each extension). Elongated samples were reverse transcribed using Superscript II (Invitrogen) following the supplier's instructions. miRNA specific qPCR requires 100 pg of cDNA, 2.5 μ M of the universal primer (i.e. complementary to the miLINKER) and 2.5 μ M of a miRNA specific primer. qPCR of miRNAs was performed using iQ TM SYBR ® Green Supermix (Bio-Rad, total reaction volume 10 μ l) on an CFX384 cycler (BioRad) with the same protocol as for the mRNAs described above. Tailing, reverse transcription and qPCR reagents were prepared as mastermixes for all 30 samples (six oocytes; each 5 sections). The miRNA specific primers were designed to be complementary to the target miRNA with a G nucleotide overhang on the 3´end, which binds to the first nucleotide of the attached miLINKER. The annealing temperature was set to 60 °C and estimated using the Tm calculator provided by Applied Biosystems (http://www6.appliedbiosystems.com/support/techtools/calc/). Primer specificity was verified by blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Primer assays were designed for 27 selected maternal miRNAs. 12 assays with highest efficiency (probably the most abundant) and robustness were used for expression profiling (Supplement Tab. 1).
Data analysis.
The measured Cq values of the animal-vegetal segments were converted to relative quantities using the equation (1) be considered as the relative amount or fraction of the particular miRNA/mRNA in that segment 32 . The relative amounts in each segment were averaged across all oocytes from both females and are presented in bar/line charts with the x-axis representing the segment position from the animal pole along the animal-vegetal axis and the y-axis indicating the relative quantity (Fig. 1, Fig. 2 ). Individual profiles of all 12 miRNAs can be found in Fig. 1 . The data were also analyzed with the software GenEx (MultiD) to determine correlations between the miRNAs' and maternal mRNAs' intracellular profiles. For multivariate analysis data were autoscaled along genes and profiles were analyzed for similarities using the Kohonen self-organizing map (SOM) and hierarchical clustering (Fig. 3) . We used SOM with two boxes (2 × 1) to force the data into two groups based on the measured profiles. Using three boxes, one box ended up empty supporting the conclusion that the profiles indeed reflect only two distinct distributions (not shown). Independent SOM trainings yielded the same two groups evidencing robust classification. SOM training of only the miRNAs, leaving out the mRNAs, gave a separation into the same groups, evidencing that the separation is not induced by the mRNAs but a property of the miRNAs. The biological variability between the females was tested using unpaired 2-tails t-test. The p-values were > 0.05 indicating higher variability among oocytes than between samples from different females.
All methods were carried out in accordance with the approved guidelines and all experimental protocols were approved by named institutions, including any relevant details in the methods section.
